The paper illustrates the design of two pumping schemes for Mid-IR lasers based on photonic crystal fibers (PCFs) made of dysprosium doped chalcogenide glass Dy
INTRODUCTION
Light sources operating in the medium infrared wavelength range promise a number of potential applications which could revolutionize the basic concepts and the related technologies conventionally exploited in remote sensing, aerospace and biomedicine. In fact the earth atmosphere exhibits a transparent transmission band close to 4.4 µm wavelength. This could allow novel optical remote sensing applications focused on earth surface observation, feasible detection of air contaminants, development of novel free space communication systems employing optical beams at Mid-IR wavelengths instead of plane wave propagation at microwave frequencies. Moreover, since many molecular species exhibit absorption peaks close these wavelengths, biomedical sensing will be feasible when efficient and low cost Mid-IR fiber lasers will be available on market. Chalcogenide glasses doped with rare earth ions are excellent materials for this application; therefore they are the object of a large scientific literature [1] - [14] . Dysprosium is one of the rare earths which can be exploited for Mid-IR beam generation. In particular, the 6 H 11/2 → 6 H 13/2 transition can be considered to obtain emission close to 4.4 µm wavelength. In fact, while this transition is dramatically quenched in oxide and fluoride glasses by multiphoton non-radiative decay, in chalcogenide glasses, which exhibit low phonon energy, it could be successfully utilized by employing suitable pumping schemes [4] . The development of a suitable pumping strategy is necessary since lasing action in dysprosium doped chalcogenide glass is not easily obtained for some occurring drawbacks. In fact, the long lifetime of the lower laser level 6 H 13/2 causes a strong depletion of the 6 H 15/2 ground state level under a pump action. This phenomenon limits the pump absorption and the population inversion and as a consequence the lasing efficiency [5] . Moreover, since both selenide and sulphide soft glasses exhibit losses of a few dB/m, much higher than those generally exhibited by fluoride or oxide glasses, the employment of long fiber laser cavities should be avoided. Cascade lasing solution based on an auxiliary idler signal was firstly proposed in [5] . In particular, the cascade lasing on the 6 ) were designed to obtain the main signal lasing. Moreover, a second couple of FBGs were considered to have a simultaneous lasing at λ s2 = 2.7 ÷ 3.4 µm. Therefore, the purpose of this second lasing (idler) was the increasing of signal intensity at the wavelength λ s1. A similar cascade configuration was proposed in [10] . In [5] the authors numerically compared the dependence of the output signal power on the pump power, for different pumping techniques. The investigation included i) the original design proposed in [4] ; ii) a simpler design consisting of the fiber only, by directly launching the pump power and by relying on Fresnel reflection to obtain R = 20% reflectivity at the chalcogenide glass-air interface; iii) an alternative structure with bulk optical elements such as a suitable beam splitter and mirror; iv) an all-fiber structure employing a fiber coupler. A laser efficiency close to η = 15% was simulated for a fiber laser cavity with a dysprosium concentration C Dy = 7×10 25 ions/m 3 and close to η = 7% for a dysprosium concentration C Dy = 3×10 25 ions/m 3 . In this work two different approaches to enhance the pumping efficiency of dysprosium doped fiber lasers are developed and numerically investigated. In the first one, two optical pumps, with suitable powers and wavelengths, are injected within a single-mode chalcogenide photonic crystal fiber (PCF) by employing optical combiners spliced to the Dy 3+ -doped fiber and a pair of fiber Bragg grating (FBG) mirrors. In the second scheme, the source is constituted by the cascade of a laser cavity and an optical amplifier which could be fabricated in the same microstructured fiber.
RECALL OF THEORY AND RESULTS
Two pumping schemes are proposed. They are illustrated in Fig. 1a) and 1b) , respectively. In the first case, illustrated in Fig. 1a) , the pumping configuration is based on two optical pumps, which are coupled to the Dy 3+ :Ga 5 Ge 20 Sb 10 S 65 PCF fiber by means of optical combiners. The pump #1 power, at the wavelength λ p1 = 2850 nm and pump #2, at the wavelength λ p2 = 4092 nm, are considered in both forward + and backwardconfigurations, the signal wavelength is λ s = 4384 nm. The fiber cross-section includes three rings of air holes surrounding the rare earth-doped solid core [7] , [9] . Two fiber Bragg gratings, inscribed into the core, allow to obtain the optical cavity and the resonating signal wavelength. The interaction of rare earth with light is modelled as a three level laser system. Absorption and stimulated emission are considered for the signal and the two pump beams, while Amplified Spontaneous Emission (ASE) is neglected. The model takes into account both forward and backward propagating beams. The optical and spectroscopic parameters employed in the simulations refer to glass samples preliminarily characterized. In particular, in the simulations the following parameters are considered: pump #1 absorption cross section σ 12p = 1. 25 ions/m 3 , first mirror reflectivity R 1 = 99%, second mirror reflectivity R 2 = 30%. The slope of the signal power is very low for total pump #1 powers higher than 40 ÷ 50 mW. Figure 3 illustrates the optical signal power P s of the Dy 3+ -doped fiber laser versus the forward P p2 + (0) and backward P p2 -(L) input pump #2 power, for input pump #1 forward power P p1 + (0) = 50 mW. The other laser parameters are the same of Fig. 2 . The best achievable efficiency is higher than η = 30%. This result is particularly interesting by considering the low efficiencies generally obtained with dysprosium.
As an alternative, the pumping scheme of Fig. 1b) is considered for the same PCF [7] , [9] . Also in this case, the rare earth behaviour can be modelled as a three level laser system. The model includes the absorption and the stimulated emission at the pump wavelength close to λ p = 1.7 µm, the absorption and the stimulated emission at the signal wavelength close to λ s = 4.384 µm and the spontaneous emission from levels 2 and 3. Fiber losses at all wavelengths are α = 1 dB/m as in [4] . The Amplified Spontaneous Emission (ASE) is also considered for both the 6 H 11/2 → 6 H 13/2 and 6 H 13/2 → 6 H 15/2 transitions. The amplifier is considered after the laser cavity since there is a residual pump power within the laser cavity not exploited for signal emission; therefore, the source efficiency without the amplifying stage is apparently low, even for high pump powers. To obtain an optical source exhibiting higher pump efficiency, the cascade of the laser and of the amplifier can be optimized by varying a number of device parameters, e.g. the fiber laser dopant concentration and length, the reflectivity of the FBGs, the fiber amplifier dopant concentration and length. The design is flexible but complicated if a trial-and-error approach is used by varying a single parameter at a time. To overcome this problem, an evolutionary global search method can be applied [14] - [17] . In particular, the particle swarm optimization (PSO) algorithm is implemented to optimize simultaneously both the laser and the amplifier. The selection of the signal can obtained in both configuration with conventional techniques [18] . ; first mirror reflectivity R 1 = 99%; second mirror reflectivity R 2 = 70%. With this configuration, in order to reach an output signal power of about P s = 25 dBm, an input pump power close to P p (0) = 3 W is required. The highest efficiency is about η = 21% even for higher dopant concentrations, close to the limit value for which glass devitrification can occur. This value is higher than that reported in [5] but refers to a different fiber, PCF instead of conventional, with different spectroscopic parameters with reference to both glass and rare earth. 
CONCLUSION
Two novel pumping configurations for Mid-IR Dy 3+ -doped fiber lasers are proposed and numerically investigated. In the former, two pumps at the wavelengths λ p1 = 2850 nm and λ p2 = 4092 nm are considered, the signal wavelength is λ s = 4384 nm. An efficiency of about η = 30% is calculated. This indicates the goodness of this pumping scheme even for low dysprosium concentration as N Dy = 4×10 25 ions/m 3 . The latter pumping scheme, employing a pump wavelength close to λ p = 1.7 µm, provides a lower efficiency close to η = 21% even for a higher dopant concentration, N Dy = 6×10 25 ions/m 3 , close to the limit value for which glass devitrification can occur.
